Abstract. Lipid rafts, specialized domains in cell membranes, function as physical platforms for various molecules to coordinate a variety of signal transduction processes. Flotillin-2 (FLOT2), a marker of lipid rafts, is involved in the progression of cancer, yet the precise mechanism remains unclear. In the present study, we examined the effect of FLOT2 on cell proliferation and found that silencing endogenous FLOT2 with shRNAs inhibited proliferation of breast cancer cells. Furthermore, the antiproliferative effect of silencing FLOT2 on breast cancer cells was associated with upregulation of cyclin-dependent kinase (CDK) inhibitors p21
Introduction
Breast cancer is the most common malignancy in females worldwide (1, 2) . Despite great advances in diagnosis and appropriate systemic therapy, the mortality of breast cancer remains high, accounting for 14% of the total cancer-related deaths (3) . Identifying key molecules contributing to the malignant properties of breast cancer cells is essential for future development of new and effective anti-breast cancer approaches.
Flotillins, also known as reggie proteins, are markers of lipid rafts that contain two ubiquitously expressed and highly conserved homologous isoforms, i.e., flotillin-1 (FLOT1) and FLOT2 (4, 5) . Flotillin proteins play important roles in various cellular processes, such as adhesion, actin cytoskeletal reorganization, endocytosis, phagocytosis and transduction of cellular signals (6, 7) . Apart from the functions of flotillins in the cellular and organelle membranes, FLOT2 has been reported to be involved in oncogenesis. Hazarika et al showed that overexpression of FLOT2 was associated with human melanoma progression and lymph node metastasis (8) . In gastric cancer, FLOT2 was reported as an independent prognostic factor (9), whereas in head and neck cancer FLOT2 overexpression was reported to show a strong predictive value for the development of metastases (10) . Yan et al showed that upregulation of FLOT2 was associated with renal cell carcinoma progression (11) . In nasopharyngeal carcinoma, the expression of FLOT2 was confirmed to be an independent predicted factor for lymph node metastasis (12) . Recently, in breast cancer, it was reported that FLOT2 was associated with cancer progression and poor survival outcomes (13) , yet the precise mechanism of its oncogenic function remains unclear.
In the present study, we found that knockdown of FLOT2 inhibited proliferation of breast cancer cells. Mechanistic basis for such an antiproliferative effect of FLOT2 depletion may be linked to suppression of Akt phosphorylation and subsequent activation of FOXOs, which consequently promote upregulation of CDK inhibitors p21
Cip1 and p27
Kip1
. Our findings suggest that FLOT2 plays a role in the proliferation of human breast cancer, indicating that FLOT2 may be a potential target for human breast cancer treatment.
Materials and methods
Cell lines. Breast cancer MCF-7 and MDA-MB-231 cell lines were grown in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (HyClone, Logan, UT, USA).
Vectors and gene transduction. Expression of FLOT2 was stably knocked down in MCF-7 and MDA-MB-231 cells using the pSUPER-retroviral vector and the oligonucleotides for FLOT2 as previously described for HeLa cells (14 Real-time PCR. Total RNA from cultured cells was extracted using the RNeasy kit (Qiagen, Crawley, UK). Each cDNA template was made from total RNA with a reverse transcriptase kit according to the manufacturer's instructions (Invitrogen). Amplification reactions were performed using the SYBR Premix Ex Taq™ (Takara Shuzo, Kyoto, Japan) in a 25 µl volume. The following cycling parameters were used: 30 sec at 95˚C for initial denaturing, 5 sec at 95˚C for denaturing and 30 sec at 60˚C for annealing and extension for a total of 40 cycles. The fold-change in mRNA was calculated by the 2 -ΔΔCt method. All samples were normalized to GAPDH. The primer sequences used were: p21 
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay.
MTT assay was performed as previously described (17) . Briefly, cells were seeded in 96-well flat-bottom plates at a density of 0.2x10 4 cells/well. At each time point, cells were stained with 100 µl sterile MTT dye (0.5 mg/ml) for 4 h at 37˚C, followed by removal of the culture medium and addition of 150 µl of dimethyl sulfoxide (DMSO) (both from Sigma-Aldrich). The absorbance was measured at 570 nm, with 630 nm as the reference wavelength. All experiments were performed in triplicates.
Colony formation assays. Cells were plated in 6-well plates (3x10 2 cells/well) and cultured for 10 days. The colonies were stained with 1% crystal violet for 30 sec after fixation with 10% formaldehyde for 5 min.
Bromodeoxyuridine (BrdUrd) labeling and immunofluorescence. Cells were plated on coverslips (Fisher Scientific, Pittsburgh, PA, USA). After 24 h, the cells were incubated with BrdUrd for 1 h and stained with the anti-BrdUrd antibody (Upstate, Temecula, CA, USA) according to the manufacturer's instructions. Gray level images were acquired under a laser scanning microscope (Zeiss Axiovert 100M; Carl Zeiss, Germany).
Flow cytometry. Cells were harvested, washed with cold phosphate-buffered saline (PBS) and processed for cell cycle analysis using flow cytometry. Briefly, the cells were fixed in 75% ethanol and stored at -20˚C for later analysis. The fixed cells were centrifuged at 1,000 rpm and washed with cold PBS twice. RNase A (20 µg/ml final concentration) and propidium iodide (PI) staining solution (50 µg/ml final concentration) was added to the cells and incubated for 30 min at 37˚C in the dark. Fifty thousand cells were analyzed using a FACSCalibur instrument (Becton-Dickinson, San Jose, CA, USA).
Statistical analysis. The data given in the text are expressed as means ± standard deviations (SD). Comparisons between groups for statistical significance were carried out with a two-tailed Student's t-test. In all cases, p<0.05 was considered to indicate a statistically significant result.
Results

Downregulation of FLOT2 inhibits the proliferation of breast cancer cells.
To evaluate the biological function of FLOT2 in breast cancer, we constructed FLOT2-knockdown cell models using two FLOT2-specific shRNAs. As shown in Fig. 1 , both shRNAs effectively knocked down the expression of endogenous FLOT2 protein in both the MCF-7 and MDA-MB-231 cells. An MTT assay showed that depletion of FLOT2 expression caused a significant reduction in viability of both MCF-7 and MDA-MB-231 breast cancer cell lines (Fig. 2) , and these results were further confirmed by a colony formation assay (Fig. 3) . These data suggest that FLOT2 may be involved in promoting the proliferation of breast cancer cells.
Silencing of FLOT2 results in the G1-S phase cell cycle arrest of breast cancer cells.
To investigate the mechanism that mediates the proliferation-promoting function of FLOT2, a BrdUrd incorporation assay was performed. As shown in Fig. 4 , the silencing of FLOT2 in the MCF-7 and MDA-MB-231 cells markedly decreased the percentages of cells with incorporated BrdUrd. Flow cytometric analysis showed that downregulation of FLOT2 significantly increased the percentage of cells in the G0/G1 peak but decreased the percentage of cells in the S peak (Fig. 5) . These results suggest 
Silencing of FLOT2 upregulates cell cycle inhibitors p21
Cip1 and p27 Kip1 in breast cancer cells. The observed correlation of deregulated FLOT2 expression with the proliferation of breast cancer cells prompted us to further investigate the possibility that cell cycle regulators may mediate the modulation by FLOT2. As shown in Fig. 6A , western blot analysis revealed that the silencing of FLOT2 had no effect on the expression of cyclin A, CDK4 and CDK6, all of which are cell cycle promoters. Instead, the expression levels of two CDK inhibitors, p21 Cip1 and p27
Kip1
, were markedly upregulated in the FLOT2 shRNA-transduced cells at both the protein (Fig. 6A ) and the mRNA level (Fig. 6B) . As expected, the phosphorylation level of Rb, the downstream target protein of CDK, was shown to be suppressed in the FLOT2-silenced cells (Fig. 6A) , further supporting the notion that FLOT2 is involved in the regulation of proliferation of breast cancer cells.
Silencing of FLOT2 enhances the transcriptional activity of FOXO factors via inhibiting Akt activation. The previous finding that the expression of p21
Cip1 and p27 Kip1 could be transcriptionally regulated by FOXO family transcriptional factors (18, 19) prompted us to test whether FLOT2 modulates the activity of FOXO factors. As shown in Fig. 7 , western blot analysis revealed that the phosphorylation levels of FOXO1, FOXO3a and FOXO4 were decreased in FLOT2 shRNAinfected cells, compared with those in the vector-control cells. It is known that phosphorylation of FOXOs is mediated through activation of PI3K/Akt signaling (20) (21) (22) . Thus, we further examined whether FLOT2 activated the PI3K/ Akt pathway. As shown in Fig. 7 , downregulation of FLOT2 decreased the phosphorylation of Akt in both the MCF-7 and MDA-MB-231 cells as compared with the transduction control cells. Taken together, these data revealed that the observed upregulation of cell cycle inhibitors p21
Cip1 and p27 Kip1 caused by the silencing of FLOT2 was associated with inhibition of Akt kinase activity and subsequently enhanced transcriptional activity of FOXO factors.
Discussion
This study demonstrated that knockdown of endogenous FLOT2, a lipid raft specific protein, inhibited the proliferation of breast cancer cells. We showed that silencing of FLOT2 using RNAi resulted in suppression of Akt phosphorylation and subsequent activation of FOXOs, which led to the upregulation of CDK inhibitors p21
Kip1
. These findings provide new insights into the potential role of the upregulation of FLOT2 in promoting oncogenesis and progression of breast cancer.
Oncogenesis is a complex multi-step process, characterized by uncontrolled cell growth and tumor formation. During oncogenesis cells proliferate in a progressive, deregulated manner. Uncontrolled cell growth is associated with various alterations in genes or proteins related to regulation of proliferation, cell death and genetic stability, such as tumorsuppressor genes, oncogenes, growth factors and cell adhesion molecules (23) . Thus, identification of genes and their products involved in the molecular events leading to oncogenesis is the key to the development of effective therapeutic strategies.
A correlation of FLOT2 with cancer development and progression has recently been demonstrated by studies from several groups, in which FLOT2 was found to be expressed at high levels in various types of human cancers, including head and neck cancer, melanoma, gastric cancer, nasopharyngeal carcinoma and breast cancer (8) (9) (10) (11) (12) (13) . Consistent with these clinical findings, at the cellular level we found that depletion of FLOT2 suppressed the proliferation of breast cancer cells, a key biological event essential for cancer development and progression. The experiments on the effects of FLOT2 depletion on cell viability, colony-formation ability and BrdUrd incorporation confirmed that FLOT2 is a proliferation promotor. Further experiments showed that silencing of FLOT2 in breast cancer cells enhanced G1-S phase arrest. Such a connection between FLOT2 and G1/S phase transition was shown to be mechanistically mediated by the cell cycle inhibitors p21
, which the present study demonstrated to be upregulated by knocking down FLOT2 in the breast cancer cells.
FOXO proteins are a family of transcription factors that play important roles in regulating the expression of genes involved in a variety of biological processes, such as proliferation, differentiation, stress response and cellular apoptosis (24, 25) . It has been demonstrated that FOXO proteins act as tumor suppressors as evidenced by its transcriptional induction of CDK inhibitors, including p21 Cip1 , p27 Kip1 and p57 kip2 . It has been demonstrated that phosphorylation of FOXOs by Akt leads to FOXO nuclear/cytoplasmic translocation and subsequent degradation via the ubiquitin-proteasome system (26, 27) . In the present study, decreased phosphorylation, and subsequent increased transcriptional activity, of FOXO factors (FOXO1, FOXO3a and FOXO4), which are known activators for p21 Cip1 and p27
Kip1 transcription, was found when FLOT2 expression was depleted and such an effect was likely to be mediated by suppression of Akt phosphorylation.
In summary, our finding that knockdown of FLOT2, a marker of lipid rafts, inhibited the proliferation of breast cancer cells through modulation of the Akt/FOXO/p21/p27 pathway illustrates a new mode of action in the molecular mechanism underlying the oncogenesis of breast cancer. Understanding the precise role played by FLOT2 in breast cancer progression will not only increase our knowledge of the biology of breast cancer but may also enable development of a novel therapeutic strategy via suppression of FLOT2.
